The neurotropic murine coronavirus JHM is capable of inducing various forms of neurologic diseases, including demyelination. Neurons have been shown to act as a repository site at the early stages of the disease process (0. Sorensen and S. Dales, J. Virol. 56:434438, 1985). JHM virus (JHMV) replication and trafficking of viral proteins and virions in cultured rat hippocampal neurons and a neuronal cell line, OBL-21, were examined, with an emphasis placed on the role of the microtubular network We show here that JHMV spread within the central nervous system occurs transneuronally and that virus protein trafficking was dependent upon microtubules. Viral the mechanism hypothesized to account for this mode of virus penetration into the CNS. Subsequent dissemination to other CNS regions was shown to also involve specific neuronal populations and tracts (32, 44, 45) . Immunohistochemical and in situ hybridization methods have shown that in mice, MHV-A59 manifests tropism toward neurons of the olfactory nuclei, nuclei of the amygdala, central tegmental nucleus, entorhinal cortex, subiculum, claustrum, lateral habenular nucleus, subthalamic nucleus, substantia nigra, and septal nuclei in addition to other sites (21, 32). In rats, JHM virus (JHMV) was shown to have tropism for hippocampal and cerebellar Purkinje neurons (36, 41, 49, 50) . Assembly of JHMV and MHV-A59 virions in fibroblastic cells occurs within the perinuclear region by budding at transitional reticulum vesicles positioned between the rough endoplasmic reticulum and the Golgi apparatus (35, 52, 53 
The mechanisms by which viruses are assembled within and exit from their host cells is an important issue in virus-cell interactions. In this regard, viruses have been used as probes to address problems related to protein sorting and trafficking within cells. This has been particularly useful in cells possessing polarized membrane domains. For instance, vesicular stomatitis virus and influenza virus, which bud from basolateral and apical domains, respectively, of polarized epithelial cells (for a review, see reference 46) and the equivalent somatodendritic and axonal domains of neurons (18) , do so as a result of the specific targeting of their envelope glycoproteins. Similarly, mouse hepatitis virus (MHV), a coronavirus, was used to mark the constitutive secretory pathway in AtT20 cells, a murine pituitary tumor cell line, and hence aided in determining where sorting or divergence from the regulated secretory pathway takes place in these cells (51) . These types of studies are important because they are likely to provide us with a fundamental insight into how the secretory pathway in eucaryotic cells is controlled. In addition, they are likely to give us some intuitive understanding of related problems, for example, how viruses employ neurons to penetrate and spread throughout the central nervous system (CNS). With respect to the latter, we have been examining the interactions between MHV and rodent neuronal cells. MHVs of the A59 and JHM strains can invade the CNS of mice by way of the olfactory and trigeminal nerves following intranasal inoculation (5, 6, 32, 43) . Accordingly, intemeuronal spread was the mechanism hypothesized to account for this mode of virus penetration into the CNS. Subsequent dissemination to other CNS regions was shown to also involve specific neuronal populations and tracts (32, 44, 45) . Immunohistochemical and in situ hybridization methods have shown that in mice, MHV-A59 manifests tropism toward neurons of the olfactory nuclei, nuclei of the amygdala, central tegmental nucleus, entorhinal cortex, subiculum, claustrum, lateral habenular nucleus, subthalamic nucleus, substantia nigra, and septal nuclei in addition to other sites (21, 32) . In rats, JHM virus (JHMV) was shown to have tropism for hippocampal and cerebellar Purkinje neurons (36, 41, 49, 50) . Assembly of JHMV and MHV-A59 virions in fibroblastic cells occurs within the perinuclear region by budding at transitional reticulum vesicles positioned between the rough endoplasmic reticulum and the Golgi apparatus (35, 52, 53) . The time and location of progeny virion assembly appear to be controlled by the kinetics of integral membrane glycoprotein (M protein) deposition on these transitional vesicles (52) . Similar observations were made with MHV-infected AtT20 murine pituitary tumor cells in which progeny virions were shown, as previously mentioned, to exit cells via the constitutive rather than the regulated, or induced, exocytic pathway (51) . Similar phenomena have also been reported for JHMV assembly in cultured mouse spinal cord neurons (20) . (31, 38) , were propagated and titrated on murine L-2 fibroblasts as previously described (9 Electron microscopy of monolayer cultures. JHMV-infected and uninfected primary hippocampal and OBL-21 monolayer cultures situated in 35-mm-diameter petri dishes (Corning) were prepared for electron microscopy as previously described (42) . Cultures were washed with 0.1 M sodium phosphate buffer (pH 7.0) and then fixed in situ for 5 min with 1% (vol/vol) glutaraldehyde in 0.1 M sodium phosphate buffer. Following fixation and three washes with 0.1 M sodium phosphate buffer, cells were postfixed with 1% (vol/vol) OS04 in sodium phosphate buffer, dehydrated by using a series of graded ethanol solutions, and embedded in epoxy resin. Sections were cut parallel to the plane of the attachment surface, stained with uranyl acetate and then lead citrate, and viewed in a Philips EM 300 electron microscope.
Immunoblotting. OBL-21 cells were infected with JHMV at an MOI of 10 for 60 min at 4°C. The unattached viral inoculum was aspirated, and the cells were washed three times with cold PBS. Warm growth medium was added, and the cells were
RESULTS
Compartmentalization of virus components and whole virions within OBL-21 neuronal cells. The continuous neuronal cell line OBL-21 was employed to assess the putative importance of microtubules in movement and release of progeny virions to the cell exterior. This cell line, which is permissive for JHMV, was clonally derived from olfactory bulb cultures of CD.1 mice following immortalization by means of a replication-defective retrovirus vector encoding the avian myc gene (47) . Cells of the OBL-21 line have exhibited a stable, homogeneous neurofilament-positive and GFAP-negative phenotype during culture in this laboratory and possess other neuronal characteristics, such as voltage-dependent potassium channels (47) . Electron microscopic and immunofluorescence analyses of JHMV-infected OBL-21 cells demonstrated the distribution of N and S components to neurite-like processes, paralleling the findings observed with infected neurons in primary rat telencephalic cultures (42) . Examination of thin sections by electron microscopy often revealed nucleocapsid aggregates in the vicinity of microtubules, as was originally observed in infected primary neurons (42) . Virions organized in precise linear arrays, evident within cisternae sometimes contiguous to microtubules, were often found in favorably oriented thin sections (Fig. 1A and B) . To identify the specificity of the virus-microtubule relationship more clearly, JHMV-infected OBL-21 cells were treated with vinblastine. Vinblastine, a mitotic inhibitor which also inhibits axonal transport, promotes microtubule depolymerization and the subsequent reorganization into massive tubulin paracrystals (8, 17) . The objectives of treating infected OBL-21 cultures with this drug were to assess its effects (i) on the kinetics of virus growth and release into the culture supernatant and (ii) on virion assembly as evident at the ultrastructural level. OBL-21 cultures were inoculated with JHMV at an MOI of 3, washed three times, and incubated for 3 h to allow internalization of the inoculum before neutralization of any virus remaining at the surface, using anti-S MAb 5B-19.2 diluted 1:60. Once the neutralizing antibody was washed away, vinblastine sulfate was added to half of the cultures at 6 h postinoculation. To assess the effects of vinblastine treatment on virus release, the supernatant was assayed for PFU at 6, 12, and 24 h postinoculation. As Fig. 2 illustrates, compared with the amount of virus released in untreated cultures, vinblastine treatment resulted in a decrease of about an order of magnitude in the amount of virus released. Effects on the ultrastructure of JHMV-infected OBL-21 cells due to treatment with 10 ,ug of vinblastine per ml became evident beginning at 12 or 18 h postinoculation. The drug effects were more pronounced during incubation for an additional 6 to 12 h (Fig. 3) . The observed collapse of the microtubule framework was accompanied by concentration of viral nucleocapsid assembles within the cytosol and of progeny virions within the smooth endoplasmic reticulum and Golgi vesicles. Both nucleocapsids and virus-containing vesicles were in close contact with tubulin paracrystals (Fig. 3A, B , and D through F). These observations point to the important role that microtubules may play in the intracellular distribution and perhaps transport of nascent viral material and progeny particles.
To determine whether the decrease of virus titer in the supernatant of vinblastine-treated cells was due to inhibition of synthesis by the drug or interruption of virus release caused by disruption of the microtubule network, a comparison was made by immunoblotting equal amounts of vinblastine-treated and untreated cell extracts. As evident from Fig. 4 (Fig. 5A) , as described by Dotti et al. (19) . The short processes have been identified as dendritic precursors while the single, long process was shown to be the presumptive axon (2, 3, 12, 19) . After 1 week in culture, many of the neuronal cell bodies aggregated to form small clusters while the extended neurites formed a fine meshwork which covered the substratum. Fasciculation of axons was particularly prominent in cultures seeded at the higher cell densities (Fig. 5B) . The number of contaminating astrocytes inevitably introduced along with neurons varied between preparations, usually not exceeding 40% of the total cell population (Fig. 5C ). Although these primary dissociated cultures were evidently not pure, they were nevertheless highly enriched. Under these conditions, neuronal cell viability could be routinely maintained for 2 (23, 31) .
These variants were of particular interest to us because of their reported attenuation in neurovirulence, based on the shift in the pattern of disease induced from that of a fatal encephalomyelitis to one of chronic demyelination. Hippocampal neuron cultures could support growth of both wt and variant viruses (Table 1) , although the titers produced were never as high as those observed with OBL-21 cells. Interestingly, as evident from Table 1 , the AT1lf cord and V5A13 variants grew generally better than wt JHMV and for this reason were included for comparison. However, no differences in neuronal pathology between the wt and variants were evident. On the basis of immunocytochemistry, exemplified by images in Fig. 6 , approximately 1% of the cells were scored as virus antigen positive at 24 h postinoculation. Although the frequency of infected cells increased with time, it remained low, even 5 days after inoculation. This was in contrast to the situation observed at 24 h postinoculation with JHMV-infected OBL-21 cultures, in which about half of the cells became virus antigen positive. In some neuronal cultures, astrocytic elements of undetermined lineage represented as a significant fraction of all cells (Fig. 6B, D, and F) . The astrocytic cells did not usually manifest any infection prior to 48 h postinoculation, in agreement with previous observations with mixed telencephalic cultures (42) . When infection did occur, the astroglia involved became part of the syncytial formation (Fig. 6F) , in contrast to neuronal infections in which syncytiogenesis was not evident (Fig. 6A, C , and G).
Immunocytochemistry and electron microscopic studies of thinly sectioned neurons were used to localize JHMV particles and components. N and S antigens were present in tapering, short neurites or presumptive dendrites as well as in highly extended, fine axonal processes. Dual immunolabelling of viral and cytoskeletal antigens with antibodies specific for N, S, or tau ( Fig. 7 and 8 ) provided some understanding of the process by which viral proteins became localized in relation to the two cytoskeletal domains. tau and MAP2 are two microtubuleassociated proteins which participate in formation of cross bridges between adjacent microtubules (24) . In cultured rodent neurons, tau and MAP2 become segregated to predominantly axonal and somatodendritic domains, respectively (26), corresponding to their distribution within the CNS (10). However, the topographical separation of tau and MAP2 in cultured hippocampal neurons is not absolute. During establishment of the cultures, MAP2 and tau are codistributed within presumptive axonal and dendritic neurites (12, 26) ; this may occur because in vitro axons usually originate from the proximal segment of a branching dendrite, contrary to the in vivo situation, in which axons develop as an autonomous projection emanating from the cell soma (7) . In neuronal cultures such as that in Fig. 7 , prominent axonal fasciculation was apparent.
Dual presence of tau with JHMV-specified N or S protein was evident in axon-like neurites ( Fig. 7A versus B; Fig. 8A versus B and C versus D). This result supports other evidence for the occurrence of viral protein trafficking within these domains. Electron microscopic examination of thinly sectioned hippocampal cultures revealed the close association of JHMV nucleocapsid helices with bundles of microtubules (Fig. 9A) , confirming our previous finding with neurons present in stratified, mixed telencephalic cultures (42) . Occasionally, entire virions were evident inside vacuoles within neurites (Fig. 9B) .
A highly plausible explanation which can account for the presence of nucleocapsids in the vicinity of neuronal microtubules comes from the uncovering of informational homology between the amino acid sequences of N protein and tau, illustrated in Fig. 10A . Overall, the two proteins possess a 42% similarity and 20% identity of amino acid sequences, as determined for us by Michael Clarke, Department of Microbiology and Immunology, University of Western Ontario, using the nucleotide sequence of N (49) to search the GenBank data base. When optimal alignment was made between the reported microtubule-binding repeat motif of tau (see reference 24 (48), the comparison was found to be highly significant (P = 5.0 e-002) (Fig. 10B) .
Immunoblotting was used to determine whether sequence homology between N and tau proteins is reflected in immunological recognition. For this purpose, the purified N component bound to nitrocellulose was reacted with anti-tau antibodies. Probing with MAbs against protein N confirmed the antigen identity, as shown in lanes 1 and 2 of Fig. 11 . Immune cross-reactivity against N was tested with both a MAb and polyclonal rabbit antiserum against tau. It is evident from lanes 3 and 4 of Fig. 11 that both anti-tau antibodies recognized the N protein, albeit with a lower intensity in the case of the MAb. These results provided evidence for sequence and immunological relatedness between the viral and cytoskeletal proteins which might explain the interaction of both N protein and tau with the microtubules.
DISCUSSION
To understand JHMV assembly and release in neurons, one must consider the organization of these highly specialized asymmetric cells. Dendrites and axons, the two types of neurites extruded from neurons, perform specialized functions, axons being involved in conductance of electrical impulses away from the cell soma, while the multiple dendrites receive and transmit to the cell external signals. Polarization of impulse conductance by axons versus dendrites is inherent in the composition and fine structure of these appendages, which (20) . Such vectorial movement is conceivable because elements of the Golgi apparatus, known to play a role in coronavirus assembly and transport (35) , are present within dendrites (18 337 manner exemplified here, the viral evolutionary homolog can LAQILDDGW 445 mimic a fundamental cell process on behalf of the virus. This association may occur as the consequence of the existence of an amino acid sequence through which protein N can recognize and become attached to the microtubules, an idea supported by the existence of a homology between proteins N and tau. The tau-microtubule linkage occurs through a 31-or ;GAdgptldvyel 350 32-amino-acid sequence, which is tandemly repeated three or four times within the carboxyl-terminal segment of the mole--G -218 cule (33) . Each repeat of tau is an 18-mer stretch, which can bind to microtubules as an isolated peptide (34) . Among the cilogy between tau repeats, 12 of the 18 invariant residues (24) could be aligned aIcid sequen les of optimally with residues 328 to 340 of protein N (Fig. 10B) Id rabies virus is are transferred into neurites by a slow axonal transport mechrade movement anism generally held to be responsible for the movement of mnsport (30, 55) , cytoskeletal components into axons (58) . This could explain pting colchicine the observed association between nucleocapsid cores and the t reovirus type 3 extended microtubule arrays of neurites. Further understand-;he CNS (22, 39, ing of these phenomena will likely contribute significantly to related, progres- was the recipient of a studentship from the Multiple Sclerosis Society of Canada.
